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ABSTRACT
Previous studies based on the analysis of Gaia DR2 data have revealed that accreted stars, possibly originating from a single progenitor
satellite, are a significant component of the halo of our Galaxy, potentially constituting most of the halo stars at [Fe/H] < −1 within
a few kpc from the Sun and beyond. In this paper, we couple astrometric data from Gaia DR2 with elemental abundances from
APOGEE DR14 to characterize the kinematics and chemistry of in-situ and accreted populations up to [Fe/H]∼ −2. Accreted stars
appear to significantly impact the Galactic chemo-kinematic relations, not only at [Fe/H] < −1, but also at metallicities typical of the
thick and metal-poor thin discs. They constitute about 60% of all stars at [Fe/H] < −1, the remaining 40% being made of (metal-
weak) thick disc stars. We find that the stellar kinematic fossil record shows the imprint left by this accretion event which heated the
old Galactic disc. We are able to age-date this kinematic imprint, showing that the accretion occurred between 9 and 11 Gyr ago, and
that it led to the last significant heating of the Galactic disc. An important fraction of stars with abundances typical of the (metal-rich)
thick disc, and heated by this interaction, is now found in the Galactic halo. Indeed about half of the kinematically defined halo at
few kpc from the Sun is composed of metal-rich thick disc stars. Moreover, we suggest that this metal-rich thick disc component
dominates the stellar halo of the inner Galaxy. The new picture that emerges from this study is one where the standard non-rotating
in-situ halo population, the collapsed halo, seems to be more elusive than ever.
Key words. Galaxy: abundances – Galaxy: stellar content – Galaxy: kinematics and dynamics – Galaxy: structure – Galaxy: evolution
– Galaxy: halo
1. Introduction
The presence of accreted stars in galaxy halos is a natural expec-
tation of ΛCDM Cosmology (Cole 1991; White & Frenk 1991).
Stars and stellar systems deposited in our galactic halo by past
accretion events have been known and postulated for decades
(Searle & Zinn 1978; Zinn 1993; Majewski et al. 1996; Zinn
1996; Helmi et al. 1999; Chiba & Beers 2000; Venn et al. 2004;
Bullock & Johnston 2004; Font et al. 2006; Carollo et al. 2007;
Bell et al. 2008; De Lucia & Helmi 2008; Johnston et al. 2008;
Forbes & Bridges 2010; Xue et al. 2011; Leaman et al. 2013;
Pillepich et al. 2015). Chemical abundances of stars in the so-
lar vicinity and on a larger scale of a few kpc have provided
evidence that two halo components co-exist: an α−enhanced,
metal-poor population, which possibly set the initial conditions
for the formation of the Galactic disc, and a low α−abundance,
metal-poor population, possibly accreted early in the evolution
of our Galaxy (Nissen & Schuster 2010, 2011; Navarro et al.
2011; Ramírez et al. 2012; Schuster et al. 2012; Hawkins et al.
2015; Hayes et al. 2018).
Together with the discovery of a number of thin stellar
streams, possibly associated to disrupted globular clusters (Ibata
et al. 2018; Malhan et al. 2018; Price-Whelan & Bonaca 2018),
the analysis of the first and second Gaia releases (Gaia Collab-
oration et al. 2016, 2017, 2018b) have revealed the presence of
tidal debris from an ancient massive accretion (Belokurov et al.
2018; Haywood et al. 2018; Myeong et al. 2018; Helmi et al.
2018; Mackereth et al. 2018; Fattahi et al. 2018). As shown
by Haywood et al. (2018), and later confirmed by Helmi et al.
(2018), stars belonging to this massive accretion event mostly
redistribute along the bluer of the two sequences discovered in
the Gaia DR2 HR diagram of kinematically selected halo stars
(Gaia Collaboration et al. 2018a). Their chemical abundances
overlap with the low-α sequence discovered by Nissen & Schus-
ter (2010, see Haywood et al. 2018) and extensively studied by
Hayes et al. (2018, see Haywood et al. 2018; Helmi et al. 2018).
The dynamics and orbits of these low-α stars, e.g., their positions
in a “Toomre diagram”, are such that they dominate regions with
no or retrograde rotation and high total orbital energy (Koppel-
man et al. 2018; Haywood et al. 2018). This is true even if the
overlap with the red HR diagram sequence in Gaia DR2 is sig-
nificant (Haywood et al. 2018), as expected in a scenario where
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the stellar halo is made of both accreted and in-situ disc stars1
(Jean-Baptiste et al. 2017). Accreted stars have been suggested
to be the dominant metal-poor (i.e. [Fe/H] < −1) halo compo-
nent at few kpc from the Sun and beyond (Haywood et al. 2018;
Belokurov et al. 2018; Iorio & Belokurov 2019) and may extend
to relatively high metallicities (i.e. at [Fe/H] > −1; see Nissen
& Schuster 2010; Hayes et al. 2018).
In this paper, by coupling kinematics and chemical abun-
dances, we aim to: (1) discuss the imprint of the accreted stars
on the Galactic chemo-kinematic relations, at metallicities typ-
ical of the halo, the metal-poor thin and thick discs; (2) esti-
mate each components relative fraction in different regions of
the [Fe/H]–[Mg/Fe] plane, especially at [Fe/H] < −1, where a
discrimination on the basis of the chemical abundances alone is
likely not possible; and (3) age-date the last significant accretion
event experienced by the Galaxy, by making use of kinematics
to investigate signatures of the heating of the early Galactic disc,
and using the abundances in the early Galactic disc to constraint
the time when this heating event occurred. Finally, the accretion
of relatively massive satellites is expected to generate a signifi-
cant fraction of stars with halo kinematics, but abundances typ-
ical of the early disc from which they were kicked out. Stars
heated by merging events should have kinematics which overlap
with the accreted population (Jean-Baptiste et al. 2017). We con-
clude our analysis by investigating the presence of in-situ stars
with disc chemistry but with halo kinematics to estimate their
relative fractions of their original population and of the total halo
population within few kpc from the Sun.
The paper is organized as follows: in Sect. 2, how we se-
lected the sample of stars used in this analysis; in Sect. 3 we
present our results, which include the mean Galactic chemo-
kinematic relations (Sect. 3.1), the relative fractions of in-situ
and accreted stars in the [Fe/H]-[Mg/Fe] plane (Sect. 3.2), and
how we age-dated the last significant accretion event experi-
enced by our Galaxy (Sect. 3.3). In Sect. 4, we discuss the impli-
cations of our findings and finally in Sect. 5, we summarize our
conclusions.
2. Data
The sample that we analyse in this paper is the result of cross-
matching the Gaia DR2 (Gaia Collaboration et al. 2018b) with
APOGEE data from DR14 (Majewski et al. 2017), using the
CDS X-match service2. To construct this sample, we have se-
lected stars in the two catalogues with a position mismatch toler-
ance of of 0.5 arcsec, and retained only those with positive paral-
laxes pi, relative error on parallaxes σpi/pi < 0.2, and a signal-to-
noise ratio in the APOGEE spectra, SNR> 100. All line-of-sight
velocities used in this paper are from APOGEE. Following the
study of Fernández-Alvar et al. (2018b), we have applied addi-
tion selection criteria only retaining stars with effective temper-
atures, Te f f > 4000, and gravities, 1 < log(g) < 3.5. Finally, we
have also removed all APOGEE stars with ASCAPFLAG and
STARFLAG warning of any problems with the determinations
of the atmospheric parameters (specifically those with warning
about the reliability of the effective temperature, log(g), rotation
and having a very bright neighbour). After applying all these se-
lection criteria, our final sample consists of 61789 stars, whose
1 By “in-situ disc stars” we mean stars that formed in the early Milky
Way disc and that were then heated by interactions (Purcell et al. 2010;
Zolotov et al. 2010; Font et al. 2011; Qu et al. 2011a; McCarthy et al.
2012)
2 http://cdsxmatch.u-strasbg.fr/xmatch
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Fig. 1. Spatial distribution of stars in the sample we are analyzing in
the x-y (top panel) and R-z (bottom panel) planes. The total number of
stars in the sample is provided in the lower left-hand corner of the top
panel. In both maps, number of stars, in logarithmic scale, per pixel, the
pixel size being 50 × 50 pc2 is color coded as given in the bar on the
right-hand side of each panel. The Sun lies at x = −8.34 kpc, y = 0 and
z = 27 pc.
density distribution, projected onto the Galactic and meridional
planes, is shown in Fig. 1. As expected, most of the stars in the
analyzed sample are at a distance of 2-3 kpc from the Sun, with
a dearth of stars in the forth quadrant, due to the lack of cover-
age of this area in the APOGEE footprint. For calculating po-
sitions and velocities in the galactocentric rest-frame, we have
assumed an in-plane distance of the Sun from the Galactic cen-
tre, R = 8.34 kpc (Reid et al. 2014), a height of the Sun above
the Galactic plane, z = 27 pc (Chen et al. 2001), a velocity
for the Local Standard of Rest, VLS R= 240 km s−1(Reid et al.
2014), and a peculiar velocity of the Sun with respect to the
LSR, U = 11.1 km s−1, V=12.24 km s−1, W=7.25 km s−1
(Schönrich et al. 2010). Individual uncertainties in the velocities
of stars in the sample, due to the propagation of the uncertain-
ties on the observables (parallaxes, proper motions and radial
velocities) are discussed in Appendix A. Parallaxes have been
corrected by the zero-point offset of −0.03mas (Arenou et al.
2018; Gaia Collaboration et al. 2018b; Lindegren et al. 2018),
and distances have been derived by inverting parallaxes. While
the correction of the zero-point offset affects, as expected, the
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Fig. 2. (Top-left panel): Distribution of stars in our sample in the [Fe/H]–[Mg/Fe] plane. Colored lines correspond to isodensity contours, in
logarithmic scale, as indicated in the color bar on the right-hand side of the panel. (Top-right panel): Mean azimuthal velocity of stars in the
[Fe/H]–[Mg/Fe] plane. In this, as well as in all following panels, the pixel size is 0.152×0.044, and only pixels containing more than 10 stars are
shown. (Bottom-left panel): Mean vertical velocity dispersions of stars in the [Fe/H]–[Mg/Fe] plane. (Bottom-middle panel): Mean radial velocity
dispersions of stars in the [Fe/H]–[Mg/Fe] plane. (Bottom-right panel): Mean azimuthal velocity dispersions of stars in the [Fe/H]–[Mg/Fe] plane.
absolute values of our derived relations, and mean/median kine-
matics, all trends and conclusions presented in the following of
the paper are maintained also when no correction of the parallax
zero-point is made.
In the following sections of this paper, we discuss frac-
tions of in situ (thick disc) stars relative to accreted stars. The
APOGEE selection function is not expected to introduce any
bias against some specific population at a given metallicity,
α−abundance, or kinematics, because the selection criteria in
color and magnitude of the survey (see Majewski et al. 2017)
are not related to these parameters. The color cut of the survey
introduces a selection on metal poor stars, but there is no reason
that this would introduce a bias against a specific population, in
the metallicity range studied in this paper. So we do expect that
the fractions discussed here are representative of a local sample
of the Galaxy. However, it goes without saying that the relative
fractions of the different populations are affected by the distance
limit of the APOGEE sample, and may not be representative of
the entire Milky Way. Fig. 1 shows the complex distribution of
the APOGEE stars resulting from the adopted footprint of the
survey. It is seen in particular that the APOGEE footprint favors
anticentre directions, where the thick disc population is known
to be less well represented because of its short scale length. It
has been shown recently that the radial distributions of these two
populations are widely different (Sahlholdt et al. 2019), the ac-
creted stars having a much more uniform distribution than thick
disc stars within a few kpc from the Sun. It is therefore possible
that these fractions are biased in the sense that the thick disc is
relatively less represented locally.
In Fig. 2, we show the distribution of our sample in the
[Mg/Fe]-[Fe/H] plane. While the vast majority of the stars have
[Fe/H]≥ −1, and occupies the two chemically defined sequences
of the Galactic thick and thin discs, about 1.5% of the sample has
[Fe/H]≤ −1. These relatively low Fe abundance stars lie along
two sequences: a high [Mg/Fe]-abundance sequence, which joins
to the thick disc sequence at high metallicities, but with a pos-
sible dip in the density of stars at [Fe/H]∼ −1 (Hayes et al.
2018; Gaia Collaboration et al. 2018a) and a sequence extending
from high [Mg/Fe] abundances, at metallicities [Fe/H]∼ −2, to
[Mg/Fe] abundances about 0.2 lower, at [Fe/H]∼ −1. The con-
tinuation of the two sequences, at low ([Fe/H]∼ −2) and high
([Fe/H]∼ −1) metallicities is still uncertain, and difficult to con-
strain presently. However, we show subsequently that, by cou-
pling chemical abundances with kinematics, it is possible to re-
late the low-[Mg/Fe] sequence to the metal-poor tail of the thin
disc, namely, thin disc stars with [Fe/H]∼ −0.5 and solar and
sub-solar [Mg/Fe].
3. Results
Before presenting the results, we wish to introduce the nomen-
clature and conventions adopted in this paper as this often leads
to confusion in this type of study. The definition and the bor-
ders of the Galactic stellar populations are not always trivial to
set, because of the overlap that all populations, from those of the
bulge, to the halo, passing through the thin and thick discs show.
The Galactic halo: In this paper, the halo is sometimes de-
fined on the basis of its chemistry, that is as stars with [Fe/H] <
−1. Sometimes we define the halo kinematically, that is, made
of stars with absolute velocities, relative to the LSR, greater than
180 km s−1. We endeavour to be specific which definition we
employ and, in Sect. 4, we summarize all our findings in terms
of what the “Galactic halo” consists of within a few kpc from the
Sun.
Convention adopted for the azimuthal velocities: In our
choice of the Galactocentric coordinate system, the Sun lies on
the x-axis with a negative value of x = −8.34 kpc, and the V is
positive, that is parallel to the y axis. This implies that the disc
rotates clockwise, and – as a consequence – the z−component of
the disc angular momentum and the disc azimuthal velocity vΦ
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are negative. Thus, negative vΦ correspond to prograde velocity
rotation, and positive vΦ to retrograde velocity rotation.
Finally, a note on the results that will be presented in the
following of this work. As shown in Fig. 1, the sample studied
in this paper is still relatively local, and most of it is restricted
to distances of 2-3 kpc from the Sun. It is thus natural to dis-
cuss how general the results are, and to what extent they could
be generalized to other regions of the Galactic disc. We have
started investigating this issue in the simulations presented in
Jean-Baptiste et al. (2017, see Figs. 5 and 7, and Tables 3, 4 and
5 in that paper). This work contains 3 simulations of a Milky
Way-type galaxy accreting one or several satellites. We showed
that, 1 Gyr after the accretion of a satellite, accreted stars are
already very well mixed, and their fraction, as well as their kine-
matic properties, do not significantly depend on the "solar vol-
ume" chosen, for solar volumes at the same Galactocentric dis-
tance. These simulations thus suggest that the results presented
in this paper should be generalized to different regions of the
Galactic disc, at similar distances from the Galactic centre. This
similarity can be understood because the dynamical times at the
solar radius are relatively short: with a typical rotational period
around the Galactic centre of about 200 Myr, after 1 or few Gyrs,
accreted stars can redistribute rather homogeneously in the disc.
Therefore, for mergers which took place 1 Gyr ago or earlier, we
expect that the mixing of accreted material at the solar radius is
now completed.
3.1. Kinematics versus abundances: mean relations
Fig. 2 (top-right panel and bottom panels) shows the mean az-
imuthal velocity, and the radial, vertical, and azimuthal veloc-
ity dispersions – respectively vΦ, σR, σZ , σΦ – of stars in the
sample in different loci in the [Fe/H]-[Mg/Fe] plane. The [Fe/H]
and [Mg/Fe] axis have been divided in 25 bins. For each bin the
mean azimuthal velocity and velocity dispersion of stars in that
bin have been estimated and only bins containing more than 10
stars are shown (Fig. 2).
The result is clear that, in the [Mg/Fe]-[Fe/H] plane, the
low-α sequence of halo stars stands out as a distinct sequence
in its kinematic properties with respect to both the high-α halo
sequence and disc stars. As an example, part of this sequence
shows a mean retrograde motion as high as vΦ = 50 km s−1.
At [Fe/H]∼ −1, the vertical velocity dispersion, σZ , is about
50 km s−1 at the high-α end and increases to about 90 km s−1
at the low-α end. Fig. 2 also shows that this oblique band of low
vΦ and high velocity dispersions in the [Fe/H]-[Mg/Fe] plane,
appears to extend also to metallicities [Fe/H]> −1. This im-
plies that some accreted stars also have metallicities typical of
disc stars. This is in agreement with the findings of Mackereth
et al. (2018), who found that some high eccentricity, low-α stars
also have [Fe/H]> −1 (see Fig. 1 in their paper). It is also in
agreement with the studies of Nissen & Schuster (2010); Hayes
et al. (2018), who show that the chemical pattern of the low-α
sequence extends up to at least [Fe/H]∼ −0.8. In Sect. 3.2, we
will show that accreted stars within this same sequence can have
metallicities as high as [Fe/H]∼ −0.5.
Fig. 2 shows that at all [Fe/H] where accreted, low-α stars are
found, a rise in the velocity dispersions is expected. This result
has naturally a direct impact on Galactic chemo-kinematic rela-
tions, as we show in Fig. 3 by slicing the [Mg/Fe]-[Fe/H] in 10
metallicity bins, ranging from [Fe/H]= −2.1 up to [Fe/H]= 0.25
(see Appendix B for plots of the number of stars). For each bin,
we consider all stars in the sample between [Fe/H]bin±∆[Fe/H],
[Fe/H]bin with the central value of each metallicity bin given in
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Fig. 3. (From top to bottom): Mean azimuthal velocity, radial, verti-
cal and azimuthal velocity dispersion of stars, as a function of their
[Mg/Fe] ratio. In each panel, the relations are given for bins in [Fe/H],
as indicated in the legend in the top-left panel. The black curves show
the corresponding relation, for the total sample not binned in [Fe/H].
The 1σ uncertainty in each relation (colored shaded regions) is esti-
mated through 1000 bootstrapped realizations. In all panels, only bins
containing more than 10 stars are shown.
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Fig. 4. (Panels from top to bottom): Mean azimuthal velocity, radial,
vertical and azimuthal velocity dispersion of stars, as a function of their
[Fe/H] abundance. In each panel, the relations are for various bins in
[Mg/Fe], as indicated in the legend in the top-left panel. The black
curves in each panel show the relation for the total sample. The 1σ
uncertainty in each relation (colored region around each relation) is es-
timated using 1000 bootstrapped realizations. In all panels, only bins
containing more than 10 stars are shown.
the legend of Fig. 3, and ∆[Fe/H]=0.125 for all except the low-
est metallicity bin, where ∆[Fe/H] = 0.225 to increase its sig-
nificance. We only show bins which contain more than 10 stars.
We find that (Fig. 3): (1) for the high metallicity bins,
[Fe/H]> −0.5, there is an overall increase in all velocity dis-
persions with [Mg/Fe], as expected when moving from the cold
kinematics of the thin disc, at low [Mg/Fe], to the hot kinemat-
ics of the α-enhanced thick disc3; (2) for the metallicity bins,
[Fe/H]=-0.5 and -0.75, the velocity dispersions are no longer in-
creasing with [Mg/Fe] but become rather constant with [Mg/Fe];
(3) at lower metallicities, the trend appears completely oppo-
site to that observed at [Fe/H]> −0.5, and all components of the
velocity dispersions decrease with [Mg/Fe]; and (4) finally, for
[Fe/H]< −1.75, σZ and σΦ do not show significant variations
with [Mg/Fe]. It is also interesting that in the lowest metallic-
ity bins the maximum of the velocity dispersion is displaced to
lower [Mg/Fe], as [Fe/H] increases. This behaviour was noted al-
ready by Minchev et al. (2014), and here we demonstrate that it is
a natural signature of accreted stars whose abundances are char-
acterized by an anti-correlation between [Mg/Fe] and [Fe/H].
Accreted stars also leave specific signatures in the vΦ–
[Mg/Fe] relations, for different [Fe/H] (see Fig. 3). While the
whole sample of stars shows a monotonic relation, with the mean
rotation decreasing with [Mg/Fe], different trends are found
when stars are grouped in bins of [Fe/H]: a monotonic relation of
vΦ with [Mg/Fe] is found for [Fe/H]> −0.5; at [Fe/H]= −0.5, an
upturn is observed at lowest [Mg/Fe] end, with stars at [Mg/Fe]∼
−0.05 rotating as slow as stars at [Mg/Fe]∼ 0.2; the mean vΦ ap-
pears nearly flat and independent of [Mg/Fe] at [Fe/H]= −0.75,
while the rotation increases with [Mg/Fe], for [Fe/H]< −0.75.
Particularly remarkable are the trends observed at [Fe/H]= −1.
and [Fe/H]= −1.25: here the high α−bins have a mean azimuthal
velocity lagging that of the LSR by 100-150 km s−1, but have a
mean prograde rotation, while the lowest α−bins have a mean
null or positive vΦ, indicative of a null or retrograde rotation.
As for the velocity dispersion relations, we interpret the upturn
observed at [Fe/H]= −0.5, and the features found at lower metal-
licities and low [Mg/Fe], as the consequence of the presence of
the accreted population, which is characterized by a mean null or
slightly retrograde rotation (see Nissen & Schuster 2010; Kop-
pelman et al. 2018; Haywood et al. 2018; Helmi et al. 2018, and
Sects. 3.2 and 3.3).
We conclude this section by presenting a similar analysis to
that of Fig. 3, but this time slicing the [Fe/H]–[Mg/Fe] plane
in bins of [Mg/Fe] (Fig. 4). Again, we investigate vΦ, σR, σZ
and σΦ relations as a function of [Fe/H]. For this, we have
sliced the [Mg/Fe]-[Fe/H] in 6 bins of [Mg/Fe], ranging from
[Mg/Fe]= −0.1 up to [Mg/Fe]= 0.4. For each bin, we con-
sider all stars in the sample between [Mg/Fe]bin ± ∆[Mg/Fe],
[Mg/Fe]bin is the central value of the bin (see legend of Fig. 4).
∆[Mg/Fe] is 0.05 for all bins. The trends of vΦ,σR,σZ andσΦ as
a function of [Fe/H] for the whole sample are as we expected –
increasing rotation and decreasing velocity dispersions with in-
creasing [Fe/H]. However, for different bins of [Mg/Fe], these
relations show specific characteristics. (1) For [Fe/H]> −0.5
and [Mg/Fe]< 0.1, the rotation decreases as [Fe/H] increases.
This trend, visible also in the vΦ relation (Fig. 2), has already
been found in a number of studies (Haywood 2008; Lee et al.
2011) and, we confirm the existence of a positive gradient in
3 The only exception to this trend is observed in the σz versus [Mg/Fe]
relation, for the bin centred at [Fe/H]= 0 and [Mg/Fe]= 0.35, where one
observes a drop in the value of σz comparable to those found for α-poor
bins
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the vΦ − [Fe/H] relation for thin disc stars with [Fe/H]> −0.5.
(2) For metallicities [Fe/H] ≤ −0.5, there is a sharp increase in
all the velocity dispersions–metallicity relations, and also in the
vΦ − [Fe/H] relation, for all [Mg/Fe] bins. The steepness of the
relations at [Fe/H] ≤ −0.5 reaches a maximum for [Mg/Fe] =
0.0, and decreases with increasing [Mg/Fe], and the metallic-
ity where the increase becomes the most evident shifts towards
lower metallicities as [Mg/Fe] increases. In other words, for any
given [Fe/H] below −0.5, the stellar kinematics become increas-
ingly hotter as the relative α-abundance ratio decrases. In par-
ticular at [Fe/H] ≤ −1.5, on the one hand, high [Mg/Fe] pop-
ulations ([Mg/Fe] = 0.4) have a mean prograde motion, while
on the other hand, stars with [Mg/Fe] = 0.2 have a mean retro-
grade motion. This is a clear indication that at these metallicities,
at least two different populations, with different mean kinematic
properties, co-exist.
Finally, we analyze the fraction of stars counter-rotating with
respect to the Galactic disc in the [Fe/H]–[Mg/Fe] plane, as well
as their fraction as a function of [Mg/Fe] and [Fe/H] (Fig. 5).
Again, we sliced each of the two abundance planes in the same
way we have done previously (Figs. 3 and 4). The low-[Mg/Fe]
sequence stands out as a distinct sequence also for its high frac-
tion of retrograde stars, significantly higher than that of the disc
and halo at similar [Fe/H], but higher [Mg/Fe]. While the frac-
tion of counter-rotating (hereafter CR) stars is typically less than
1% for disc stars with [Fe/H] > −0.5, we see that by [Fe/H] =
−0.5 and [Mg/Fe] ∼ 0, this fraction of CR-stars rises to more
than 10%, indicative of a significant population of accreted stars
in this abundance range. As the metallicity decreases, the frac-
tion of CR stars increases, especially for stars with low [Mg/Fe]
ratios. For example, at [Fe/H] = −1, the percentage of CR stars
is few percent for the bin centred at [Mg/Fe] = 0.4, but this
fraction rises to more than 50% for [Mg/Fe] ≤ 0.2. It is only
for stars with [Fe/H] < −1 that the fraction of CR stars rises
for the highest [Mg/Fe] bin. This is obviously a sign that below
this metallicity, the accreted population significantly contami-
nates the high-α sequence of in-situ stars.
In all the analysis presented in this section, the statistical un-
certainties in the relations have been estimated through a boot-
strapping technique, over 1000 realizations. We refer the reader
to Appendix A for a comparison of these uncertainties, with
those obtained by propagating the individual uncertainties on the
observables (parallaxes, proper motions, and radial velocities).
3.2. The fraction of in-situ and accreted stars across the
[Fe/H]–[Mg/Fe] plane
In the previous section, we have presented the chemo-kinematics
relations of stars in the Gaia DR2-APOGEE sample, addressing
the role accreted stars play in shaping these relations. We have
seen that already at the extreme of the metal-poor thin disc se-
quence, [Fe/H] = −0.5 and [Mg/Fe] < 0.1, the presence of ac-
creted stars can be demonstrated due to the signature they leave
on the stellar kinematics. The question we want to address in this
Section concerns the relative fraction of accreted and in-situ stars
for [Fe/H] ≤ −0.5, and in particular, whether an in-situ popula-
tion can be identified also at [Fe/H] ≤ −1.5, in a region where
the low and high-α sequences merge and where no differenti-
ation between accreted and in-situ populations seems possible
only on the basis of elemental abundances.
To make a step further in our understanding of accreted and
in-situ populations, we now present the velocity distributions of
stars in different regions of the [Fe/H]–[Mg/Fe] plane. Our aim
is to use these distributions and the way they change across the
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Fig. 5. (Top panel): Fraction of counter-rotating stars in the [Fe/H]–
[Mg/Fe] plane. The pixel size is 0.152×0.044 and only pixels contain-
ing more than 10 stars are shown. (Middle panel): Fraction of counter-
rotating stars as a function of their [Mg/Fe] ratio. In each panel, col-
ored curves indicate stars in specific bins of [Fe/H], as indicated in the
legend. The black curves show the corresponding relation for the total
sample. (Bottom panel): Fraction of counter-rotating stars as a function
of their [Fe/H] ratio. In each panel, colored curves indicate stars binned
by their [Mg/Fe] values (see the legend in the upper left-hand corner of
the panel). The uncertainties were estimated using a bootstrapping pro-
cedure as previously described. In the middle and bottom panels, only
bins containing more than 10 stars are shown.
abundance plane to weight the fraction of accreted and in-situ
material for different metallicity and [Mg/Fe] bins. In doing so,
we will be also naturally lead to discuss the origin of the in-
situ population found across the [Fe/H]–[Mg/Fe] plane. For this
analysis, we have defined 8 regions in the [Fe/H]–[Mg/Fe] at the
crossroad between the thick disc, the metal-poor thin disc, the
low and high-α halo sequences as follows (see also Fig. 6).
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Fig. 6. The distribution of stars in the [Fe/H]–[Mg/Fe] plane with col-
ored lines indicating isodensity contours (see Fig. 2). We show eight
regions which are defined in Sect. 3.2 and are indicated with different
colors as shown on the left-hand axis of the panel.
– Three regions are chosen along the high-[Mg/Fe] se-
quence: Region 1 contains stars in the interval [Fe/H] −
[Mg/Fe] = [[−2.,−1.5], [0.25, 0.35]], Region 2 stars in
the interval [Fe/H] − [Mg/Fe] = [[−1.5,−1], [0.25, 0.35]]
and Region 3 stars in the interval [Fe/H] − [Mg/Fe] =
[[−1.,−0.5], [0.25, 0.35]].
– Three regions are chosen along the low-[Mg/Fe] sequence
of accreted stars: Region 5 contains stars in the in-
terval [Fe/H] − [Mg/Fe] = [[−1.5,−1], [0.1, 0.2]], Re-
gion 6 contains stars in the interval [Fe/H] − [Mg/Fe] =
[[−0.8,−0.5], [0.1, 0.2]], thus at the upper edge of the metal-
poor thin disc, and Region 8 contains stars with [Fe/H] −
[Mg/Fe] = [[−0.8,−0.5], [−0.1, 0.1]], thus at the lower edge
of the metal-poor thin disc and below it.
– Finally two regions have been chosen at the upper edge of
the high-[Mg/Fe] sequence: Region 4 contains stars in the
interval [Fe/H] − [Mg/Fe] = [[−2.25,−1.75], [0.35, 0.45]]
and Region 7 stars in the interval [Fe/H] − [Mg/Fe] =
[[−1.3,−0.8], [0.35, 0.45]]. Despite these two regions con-
tain fewer stars than the previous ones, they have been cho-
sen to tentatively probe the in-situ/accreted content also at
these levels of [Mg/Fe]-enhancement.
Two regions of the 8 are particularly important for this study
as they will serve as fiducial regions with which to compare and
analyze all of the regions. One is Region 3, which is not con-
taminated by the accreted sequence of stars with low-[Mg/Fe]
and which we will use as the reference for in-situ stars belong-
ing to the galactic thick disc. The other is Region 5 which lies
on the elemental-abundance defined sequence for stars that were
accreted. As we will see in the following, stars in Region 5 have
peculiar kinematics, clearly different from that of Region 3. This
suggests that the properties of stars in Region 5 can be used as
reference for the accreted sequence. We caution that even if we
refer to Region 3 as reference for the thick disc, it also contains
a tail in its distribution of properties that includes stars that are
slowing rotating and even counter-rotating relative to disc stars.
Despite being not contaminated by the accreted sequence of low-
[Mg/Fe] stars, the kinematics of stars in this region has been in-
deed significantly affected by this accretion (see Sect. 3.3).
In Fig. 7, we show the distributions of the azimuthal veloc-
ities, vΦ, for stars in each of these regions. For each region, the
medians of the distributions are also shown. Uncertainties in this
and in the following distributions (see Figs. 8 and 9) have been
calculated by bootstrapping the sample, and for each bootstrap
realizations we have taken into account also the individual uncer-
tainties in the velocities, by a Monte-Carlo sampling. We have
considered explicitly the individual uncertainties to make sure
that the distributions are robust also for stars with halo kinemat-
ics, whose individual uncertainties, on average, are higher than
those of disc stars (see Fig. A.2).
The “pure” accreted region (Region 5) is characterized by an av-
erage weak retrograde distribution peaking vΦ = 2.5 km s−1 (me-
dian), while the “pure” thick disc region (Region 3) by an aver-
age prograde rotation peaking at vΦ = −168.1 km s−1 (median).
Moving from Region 3, to Region 2 and then Region 1 and thus
moving to lower metallicities, at constant [Mg/Fe] ratio, the vΦ
distribution can be qualitatively described as the weighted sum
of the distributions of Regions 3 and 5. Thus it can be viewed as
the combination of thick disc and accreted stars and the stellar
population rotate more slowly on average. The medians of the
distribution, indeed, increase to vΦ = −109.4 km s−1 in Region 2
and to vΦ = −23.8 km s−1 (median) for Region 1. However, the
comparison of the distributions in these three regions shows that
the rotation decreases not because of a decrease in the rotation
of the thick disc at lower metallicities: indeed, the purple line,
which indicates the median of the distribution in Region 3, al-
ways coincides with the fast rotating peak of the distributions of
Region 2 and Region 1. The decrease of the median rotation with
decreasing [Fe/H], is indeed most likely due to an increase of the
fraction of stars with null or retrograde motion. The evidence for
this is the increasing fraction of stars in Region 2 and Region 1
with vΦ equal or higher than the median vΦ value of Region 5.
As we demonstrate in the following, the distribution of vΦ in Re-
gions 1 and 2 can be understood as a weighted sum of the vΦ
distributions of Regions 3 and 5, with the relative fraction of the
accreted stars increasing when moving from Region 2 to 1. It is
natural to make use of this modulation of vΦ distributions to try
to derive the fraction of accreted and in-situ stars, on the high-
[Mg/Fe] sequence, as a function of [Fe/H]. We caution the reader
that the approach used here is simple and should only be thought
of as a first attempt to estimate the relative fractions of these two
populations in different regions of the abundance plane.
In Fig. 8, we show the histograms of the azimuthal velocities
vΦ for Regions 1 and 2, this time overlaying on each of them the
vΦ distributions of Region 3, which we consider as consisting
purely of thick disc stars and Region 5, as purely consisting of
accreted stars. To compare the distributions of Regions 3 and 5
to those of Regions 1 and 2, we have applied a χ2-minimization
to find the normalization constants for the distributions of Re-
gions 3 and 5, that minimize the quadratic difference between
the normalized sum of Regions 3 and 5, and the distribution of
Regions 1 (and 2).
In this way, we can estimate the fractional contribution of
Region 3 and 5, to Region 1 and 2, respectively, obtaining the
following results. For Region 2, that – we remind the reader – in-
cludes stars with [Fe/H] − [Mg/Fe] = [[−1.5,−1], [0.25, 0.35]],
we estimate the fraction of accreted stars to be about 25% of the
total number of stars in these abundance intervals. This fraction
increases up to about 70% in Region 1, which includes all stars in
the sample with [Fe/H] − [Mg/Fe] = [[−2.,−1.5], [0.25, 0.35]].
To further test the null hypothesis that the distributions in Re-
gion 1 and 2 can be described as the sum of the distributions of
stars in the reference thick disc region, and of stars in the ac-
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Fig. 7. The absolute distribution of the azimuthal velocities, vΦ, for stars in the 8 regions shown in Fig. 6 (see Sect. 3.2). In all panels: velocities
are in units of 100 km s−1 and the colored solid lines correspond to the medians of the distributions. In Regions 1 and 2 the solid purple and red
lines correspond to the medians of the vΦ distributions in Region 3 and 5, respectively. The number of stars in each region is provided in the upper
left corner of each panel. The 1σ uncertainties (colored shaded regions) have been estimated by taking into account both the statistical uncertainty,
through 1000 bootstrapped realizations, and the individual uncertainties propagated from the observables.
creted region, we have run a Kolmogorov-Smirnov test, finding
a KS-statistics and a p-value equal to 0.08 ans 0.95 for Region 1
and 0.12 and 0.91 for Region 2. These values show that the hy-
pothesis that Region 1 and 2 are made simply of stars of the thick
disc and of accreted material cannot be rejected with a high level
of confidence.
Before discussing the vΦ distributions in other regions of the
[Fe/H] − [Mg/Fe] plane, we would like to comment on the ex-
cess of stars at vΦ ∼ −100 km/s that appears when comparing
the distribution of stars in Region 2 with the normalized sum of
Region 3 and 5 (see Fig. 8, bottom panel). The current uncer-
tainties make this excess of stars not statistically significant (at
these values of vΦ, the distributions are compatible within 2-σ.
If this excess will be confirmed by further studies, some hypoth-
esis about its origin can be however proposed: 1) it could be
mainly made of accreted stars belonging to the same major ac-
cretion event that makes the majority of stars found in Region 5
(in Jean-Baptiste et al. (2017) we have indeed shown that ac-
creted stars which come from the same parent satellite do not
necessarily all have the same kinematic properties, these latter
depending on the time they were stripped from the parent satel-
lite, at the first passage or later); 2) it could be still part of the
thick disc, that is this excess could still have, for the majority, an
in-situ origin, and this would imply that the rotation of the thick
disc, at these metallicities, would be slightly lower than that of
thick disc stars at higher [Fe/H]. In all cases, we emphasize that
this excess of stars – if real – represents only about 10% of stars
of Region 2, that is less than 5% of all stars with [Fe/H] ≤ −1 in
our sample, thus not impacting our conclusions.
Because of the similarity of its vΦ distribution with that of
Region 3, and because of its location in the [Fe/H] − [Mg/Fe]
plane, we conclude that Region 7 is not contaminated by ac-
creted stars, while some accreted stars are found in the Region 6
and Region 8: indeed while the vast majority of stars in these
regions have prograde motions, a secondary, weak peak at pos-
itive vΦ is visible in both distributions. This is further evidence,
together with the analysis presented in Sect. 3.1, that accreted
stars are present up to the edge of the metal-poor thin disc,
[Fe/H] ∼ −0.5, at the level of few percent. We do not draw any
conclusions about Region 4 because of very poor statistics.
By summing the contribution of in-situ stars in the Re-
gions 1, 2 and 5 and by comparing it to the total number of stars
in those regions, we can derive a rough estimate of their fraction
in our sample for [Fe/H] ≤ −1. We estimate that the contribution
of in-situ stars is ∼40-45%. While we must be cautious about the
actual values, our estimate indicates that thick disc stars should
constitute a non-negligible fraction of the stars found at metal-
licities −2 ≤ [Fe/H] ≤ −1. These stars constitute the metal-poor
tail of the thick disc, the so-called metal-weak thick disc (see
Sect 4).
Finally, the distributions of radial velocities, vR, shown in
Fig. 9 reinforces our previous conclusions. Region 5, which
we take as the reference for a region dominated by ac-
creted stars, has most of its stars in two high velocity peaks
(|vR| >200 km s−1). The regions that, according to our analy-
Article number, page 8 of 25
P. Di Matteo et al.: Composition of the stellar halo and age-dating the last significant merger
4 3 2 1 0 1 2 3 4
v
0
5
10
15
20
25
#
Reg 1
thick disk
accreted
thick disk+accreted
4 3 2 1 0 1 2 3 4
v
0
10
20
30
40
50
#
Reg 2
thick disk
accreted
thick disk+accreted
Fig. 8. The absolute distribution of the azimuthal velocities, vΦ, for
stars in Region 1 (top panel) and 2 (bottom panel). Also shown are his-
tograms the distributions of Regions 3 and 5 (solid purple and dashed
red lines, respectively), normalized as described in the text, and their
sum (thick black lines). The 1σ uncertainty in the distribution of stars
in Region 1 and 2 are shown, respectively, by green and blue shaded
regions (top and bottom panels), and the uncertainty in the normalized
sum of Regions 3 and 5 is shown by a grey shaded area. All uncer-
tainties have been estimated by taking into account both the statistical
uncertainty, through 1000 bootstrapped realizations, and the individual
uncertainties propagated from the observables. In all panels: velocities
are in units of 100 km s−1.
sis, are contaminated or dominated by accreted stars, Regions 1,
2, 6, and 8, all show a tail in their distribution of stars with high
radial velocities, |vR| >200 km s−1. These high radial velocity
stars are clearly visible in Regions 1 and 2 and in less significant
numbers in Regions 6 and 8.
In the vR − vΦ plane (Fig. 10, top panel), the different kine-
matics of accreted and in-situ populations is even more evident.
While in Region 5, stars are distributed along a horizontal line of
vΦ ≈0 km s−1, with absolute values of vR as high as 400 km s−1,
in Regions 6 and 8 most of the stars are grouped in a clump of
fast prograde rotating stars, with vΦ ≤ −200km s−1. Only few
tens of stars are found in the region of accreted stars (i.e., hav-
ing kinematics like stars in Region 5). In Regions 1 and 2, both
populations co-exist, while the distribution of stars of Region 3
in the vR − vΦ does not show any clear contamination from ac-
creted stars. Also in the vΦ−vZ plane (see Fig. 10, bottom panel),
the main kinematic populations can be easily distinguished (e.g.,
Regions 6, 8).
3.3. Age-dating the accretion event
When did this accretion event occur? If the fusion of the Milky
Way with another galaxy happened and some of the stars that
were heated belong to already formed components of the Milky
Way, then it should be possible to estimate when the merger oc-
curred. The accretion of satellites onto Milky Way-type galaxies
has been extensively studied through simulations over the last
decades. Two main results of simulations are interesting within
this context: (1) the disc of the Milky Way should have heated
during the accretion – that is its radial, vertical and azimuthal
velocity dispersions should have increased of an amount that de-
pends on the inclination of the satellites, its mass, and on the gas
content of the main galaxy at the time of the accretion (Quinn
et al. 1993; Walker et al. 1996; Velazquez & White 1999; Font
et al. 2001; Benson et al. 2004; Moster et al. 2010; Villalobos &
Helmi 2008; Kazantzidis et al. 2008; Villalobos & Helmi 2009;
Qu et al. 2010, 2011b,a; House et al. 2011) – and, importantly,
the disc stars that were impacted by the merger should slow
down (Qu et al. 2010); (2) there should be a significant over-
lap in the kinematics of the accreted stars and the in-situ stars
present in the early Milky Way disc at the time of the merger.
For example, a merger with a mass ratio of about 1:10, possi-
bly similar to the mass ratio of the accreted satellite studied here
and which may define the nature of the low-α sequence at the
time of its accretion (Haywood et al. 2018; Helmi et al. 2018),
is expected to slow the rotation of some of this stars in the disc
significantly (Jean-Baptiste et al. 2017).
In Figs. 11, 12 and 13, we now make use of these arguments
to look for signatures of the kinematic heating of the Milky Way
disc that must have been generated at the time when stars were
accreted onto the Galaxy. We start by showing the distribution
in the vΦ − [Fe/H] of all sample stars (Fig. 11). This is the same
plane already shown in Fig. 4, but here we can see the gain in
looking at the whole distribution of stars, instead of looking at
the simple mean relations. Stars redistribute in this plane in a sort
of “shoe”-like shape, with the tip of the shoe at high metallici-
ties, [Fe/H] ≥ −0.2, and the instep of the shoe at [Fe/H] ≤ −0.3.
Moving from the tip to the instep, [Mg/Fe] increases, as expected
for populations whose [Fe/H] decreases. Also, the accreted se-
quence stands out clearly, as a sequence of < vΦ >∼ 0 km s−1 and
lower [Mg/Fe] values compared to the surrounding (red/brown
in the plot) stars. The striking feature in this plot, however, is
the rapid decline of the rotation (i.e steep rise of vΦ) with de-
creasing [Fe/H], for [Fe/H] ≤ −0.3, something not clearly vis-
ible in mean relation shown in Fig. 4, where the decline in the
mean rotation starts at lower [Fe/H]. To better understand this
trend, we show, in Fig. 12, the same vΦ − [Fe/H] plane but this
time for stars binned by their [Mg/Fe] ratios. The amplitude of
the bins and their mean values are the same as in Fig. 4. For
[Mg/Fe] = −0.1, 0. and 0.1, we can clearly distinguish two sep-
arated groups in their kinematics, one with < vΦ >∼ 0 km s−1and
the second one with prograde rotation (i.e., negative vΦ). At
[Mg/Fe] = 0.2, however, the separation between the two groups
is no longer evident and stars of the in-situ sequence with null or
retrograde rotation appear at [Fe/H] ∼ −0.3. The same thing is
evident at [Mg/Fe] = 0.3, where, again, one sees clearly that the
in-situ population extends up to positive vΦ (retrograde motions).
At [Mg/Fe] = 0.4, the distinction between the two groups is no
longer evident in this plane but the limited number of stars in this
bin does not allow us to draw any robust conclusions. However,
the remarkable result we glean from this figure is that, while at
[Mg/Fe] < 0.2, the group with prograde rotation has distinct vΦ
from that of accreted stars, at [Mg/Fe] >∼ 0.2, a tail of zero or
positive vΦ – null or retrograde motions – appears among the
metal-rich stars, [Fe/H] > −1.
To investigate this change further in the vΦ properties of stars
with [Mg/Fe], in Fig. 13, we present the same analysis as in
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Fig. 12, but this time only for the interval 0.15 ≤ [Mg/Fe] ≤
0.35, that has been divided in four bins. We can clearly see a
plume of stars extending from vΦ typical of the thick disc, to
zero and positive vΦ, reaching values of the azimuthal veloc-
ity typical of the accreted component. This plume is not evi-
dent at [Mg/Fe] < 0.2, appears at 0.2 ≤ [Mg/Fe] ≤ 0.25,
and [Fe/H] ∼ −0.3, and it is still present at higher [Mg/Fe]
ratios, and slightly lower metallicities. We interpret this excess
of stars with thick disc abundances but accreted-like vΦ as the
signature of the heating of the early Milky Way disc, by the
satellite. And to show that this kinematic heating does not af-
fect the azimuthal velocities only, but also the radial and verti-
cal motions, we show in Fig. 14 the distribution in the Toomre
diagram – that is in the vΦ −
√
vR2 + vZ2 – of stars binned ac-
cording to their [Mg/Fe] abundance, as in Fig. 12. In each panel
of the plot, the dashed curve represents the locus of stars with√
(vΦ − vLS R)2 + vR2 + vZ2 = 180 km s−1, commonly used as
separator between thick disc and halo kinematics (see, for exam-
ple Nissen & Schuster 2010), and the colors code the metallicity,
[Fe/H]. For [Mg/Fe] ≤ 0.1, two distinct groups appear: a se-
quence of metal-poor stars (with typical [Fe/H] ≤ −0.5), which
redistributes vertically in this plane, along the null vΦ line, and
which is thus characterized by halo-like kinematics, and a se-
quence (with [Fe/H] ≥ −1) – the last majority of stars - with√
(vΦ − vLS R)2 + vR2 + vZ2 < 180 km s−1, and thus with thin
and thick disc-like kinematics. The first of the two sequences is
made of accreted stars, as has been discussed in the previous sec-
tions, and shown also by Haywood et al. (2018) and Helmi et al.
(2018). At [Mg/Fe] = 0.2, however, the distinction between the
two sequences becomes less evident, and at [Mg/Fe] > 0.2 the
kinematic borders of the two sequences can no longer be distin-
guished. In particular, clearly, a sequence of stars with thick disc
metallicities but halo kinematics is found at [Mg/Fe] = 0.2 (see
also Fig. 15). These stars do not only overlap with the accreted
sequence in vΦ, as previously shown, but also in their coupled
radial and vertical motions. This overlap of kinematic proper-
ties of accreted and in-situ stars, predicted by simulations (Jean-
Baptiste et al. 2017), is thus clearly present at the high-[Mg/Fe]
end of the sample and constitutes the smoking gun of the accre-
tion event experienced by the Galaxy in its early evolution and
of the resulting kinematic heating.
Having defined the lower [Mg/Fe] limit of the heating event,
we can now convert the abundance ratio into an age, to age-date
the merger. For this, we need to quantify the evolution of the
[Mg/Fe] ratio with age. Because our cross-matched Gaia DR2-
APOGEE sample is made of giants (we remind the reader that
only stars with 1 < log(g) < 3.5 have been retained for this
analysis), we cannot date these stars directly by isochrone fit-
ting techniques, as done, for example, in Haywood et al. (2013).
However, as done in Haywood et al. (2013), we derive ages for
a subsample of 273 dwarf stars from the Adibekyan et al. (2012)
sample, retaining only stars with Mv < 4.5, the only difference
with Haywood et al. (2013) work being that here we make use of
parallaxes from Gaia DR2. We refer the reader to Haywood et al.
(2013) for all the details concerning the adopted methodology
for the age determination (bayesian method, set of isochrones,
estimates on the age errors), and to a more extensive work in
preparation (Haywood et al, in prep) for the analysis and dis-
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Fig. 10. Distribution of stars in the vR − vΦ plane (Top panels) and in the vΦ − vZ plane (Bottom panels) for the eight regions defined in Fig. 6 (see
Sect. 3.2). In all plots, velocities are in units of 100 km s−1.
cussion of ages with Gaia DR2. In Fig. 16, we report the de-
rived age-[Mg/Fe] relation for this subsample4. We emphasize
4 Note that in this plot the error bars on the magnesium abundances are
fixed to 0.03 dex for all stars, this error coming from the estimate given
in Adibekyan et al. (2012) for solar type stars. Cooler and hotter stars
have mean uncertainties on magnesium abundance of 0.07 and 0.05 dex,
that, even if the sample used to estimate the ages is local, that
is, it is confined to stars at few hundred parsecs from the Sun,
these stars come from different parts of the disc. We have indeed
see their table 3. Three stars (HD 124785, HD 141597 and CD -436810)
are identified has ‘young’, alpha-rich stars, having magnesium, silicon
and titanium abundance higher than 0.15 dex and ages less than 8 Gyr.
Article number, page 11 of 25
A&A proofs: manuscript no. chemokins_Rev1
Fig. 11. The distribution of our sample of stars in the [Fe/H]−vΦ plane.
The colors of each point represent their [Mg/Fe] ratio as indicated by
the color bar at the right.
shown in previous works that the distribution of their pericen-
tres (Haywood et al. 2015, Fig. 4) and apocentres (Snaith et al.
2015, Fig. 3) is very broad, in particular for stars at the [Mg/Fe]
levels relevant for the dating of the accretion. The large extent
of their orbits implies that these stars (currently observed at the
solar vicinity) are indeed representative of a large portion of the
inner disc.
For a [Mg/Fe] interval equal to [0.2, 0.25], which corre-
sponds to the end of the disc heating phase, the corresponding
age interval is 9 –11 Gyr5. We emphasize that this estimate co-
incides with the end of the satellite merging process – or better
with the time when the kinematic heating caused by the decay-
ing satellite to the early Milky Way disc became negligible. Ac-
cording to the N-body models by Qu et al. (2011a), indeed, the
heating of the early Galactic disc may have started already at the
first close passage of the satellite to the Milky Way, and indeed
we can expect the heating to be significant in the first phases of
the accretion - see Fig. 3 in their paper – and continued up to the
final phases of the accretion.
4. Discussion
4.1. The overlapping borders of Galactic stellar populations:
revising Minchev et al. (2014) results
In the previous section, we have seen that discs and halo popula-
tions can overlap both in chemical and kinematic spaces: 1) stars
with thick disc kinematics can be found at metallicities as low as
[Fe/H] ∼ −2, thus at metallicities typical of the stellar halo; 2)
stars with halo-like kinematics can be found also at metallicities
typical of the thick disc and of the metal-poor thin disc as well
(see, for example, Figs. 7 – 10).
One of the consequence of this absence of well-defined bor-
ders is on the Galactic chemo-kinematic relations at [Fe/H] ≥
5 The biggest uncertainty on this estimate comes from possible sys-
tematics between the magnesium abundance scales of APOGEE and
Adibekyan et al. (2012). There are 8 stars in common between these
two surveys, and which have magnesium abundances between 0.13 and
0.36. The mean of the differences between the [Mg/Fe] abundances of
the two samples for these 8 stars is 0.002 dex (and a dispersion around
this value of 0.059 dex), suggesting (although the strength of the evi-
dence is limited because of to the small number of stars), that there is
no serious bias between the two abundance scales.
−1, that is at metallicities traditionally associated to disc pop-
ulations. Minchev et al. (2014), for example, used RAVE and
SEGUE data to derive these relations in an extended solar vicin-
ity volume (about 1 kpc in radius from the Sun position).
Their derived velocity dispersions–[Mg/Fe] relations, for dif-
ferent metallicity bins, show two main characteristics: 1) the
velocity dispersions increase with [Mg/Fe] for all metallicities
[Fe/H] > −0.4, while the opposite trend is found for [Fe/H] <
−0.4, where at the highest magnesium abundances the disper-
sions reach their minima 2) the maxima reached in the velocity
dispersion–[Mg/Fe] relations move to lower [Mg/Fe] with de-
creasing metallicities.
In Minchev et al. (2014), these properties were interpreted as
the signature of a significant merger in the early disc evolution,
which would have increased the disc velocity dispersions to high
values, and generated at the same time an inside-out migration of
stars with cold kinematics, both processes responsible of caus-
ing the reversal in the velocity dispersions–[Mg/Fe] trends ob-
served at [Fe/H] < −0.4. More in detail, in their interpretation,
based on a detailed match to a chemodynamical model lacking,
however, accreted populations, the metal-poor stars with high
velocity dispersions and low [Mg/Fe] ratios were considered in-
situ, early disc stars heated by the interaction, while metal-poor
stars with velocity dispersions as low as those of the metal-rich
populations, and high [Mg/Fe] were associated to in-situ stars
migrated from the innermost regions of the early disc, as a result
of the gravitational perturbation induced by the accreted satel-
lite. Moreover, the displacement of the maximum of the veloc-
ity dispersion at lower [Mg/Fe], the higher the metallicity, was
suggested to be related to mergers of decreasing mass ratios oc-
curred during the Galaxy lifetime.
The present analysis allow us to revisit Minchev et al. (2014)
findings – see also Guiglion et al. (2015) for similar results –
thanks to the exquisite details in kinematics and abundances of
our sample (also ∼ 13 times larger), and in particular permits us
to address the role of accreted stars in shaping these relations, a
role underestimated in previous works.
First, as explained in Sect. 3.1, it is the accreted population
which drives the reversal of the velocity dispersions– [Mg/Fe] re-
lations at [Fe/H] < −0.4, where dispersions decrease with mag-
nesium abundance. Because accreted stars describe a sequence
of decreasing [Mg/Fe] with increasing [Fe/H], and are also char-
acterized by the highest velocity dispersions, this naturally ex-
plains the displacement of the maximum of the velocity disper-
sions to higher [Fe/H], as the [Mg/Fe] decreases. Hence, this
displacement is not related to a series of accretions, but is most
probably due to the presence of stars from one accreted satellite
only. Moreover, the reversal of the velocity dispersion–[Mg/Fe]
relation, found at [Fe/H] < −0.4, is due to the contamination
by these accreted stars, which have very high velocities, and is
not due to an intrinsic decrease of the velocity dispersion of the
in-situ population. In bins that are not contaminated by accreted
stars (at [Fe/H] > −0.5), the dispersions show no sign of signif-
icant decrease in the highest abundance bins. At metallicities of
-0.75 and -1, low abundances ([Mg/Fe] < 0.2) are contaminated
by accreted stars, and show high dispersions, which decrease to
lower values as the [Mg/Fe] ratios increase, but simply reach-
ing levels of non-contaminated standard thick disc stars, not the
very low values found in Minchev et al. (2014). At still lower
metallicities, even high-[Mg/Fe] stars are contaminated by ac-
creted stars, and show higher velocity dispersions, even if the
decreasing trend remains visible in many cases. These trends are
even clearer in Fig. 2, which show that the velocity dispersion is
uniform or even rising at the upper limit of the [Fe/H]-[Mg/Fe]
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Fig. 12. Distribution of the sample stars in the [Fe/H] − vΦ plane, for different intervals of [Mg/Fe] abundances, as indicated in the legends at the
top of each panel. [Mg/Fe] bins have been defined as in Fig. 4. The number of stars in each metallicity interval are also given in the lower left
corner of each panel. Colors of each point represent the [Mg/Fe] ratio as indicated in the color bar on the right-side of the figure.
Fig. 13. Same as in Fig. 12, but for narrower intervals of fixed
[Mg/Fe] as indicated at the top of each panel and now extending from
[Mg/Fe]=0.15 to 0.35. The colors of each point represent their [Mg/Fe]
ratios just as in Fig. 12. The number of stars in each [Mg/Fe] bin is
indicated at the lower left in each panel.
distribution, except in the region of the accreted sequence, in the
lower right side of the distribution. To further probe the impor-
tance of the accreted component in shaping the Galactic chemo-
kinematic relations, and show the impact they have on the latter,
in Fig. 17 we show the same chemo-kinematic relations already
presented in Fig. 3, where this time we select only stars with
[Fe/H] > −1 and with [Mg/Fe] > −0.26×[Fe/H], and stars with
[Mg/Fe] ≤ −0.26 × [Fe/H], but [Fe/H] > −0.3 (this is the same
diagonal line adopted in Fig. 18, middle row). The selection ap-
pears severe, but it allows to have a clean in-situ sample, not
contaminated by the accreted sequence (see Fig. 17, top panel,
blue points). The mean chemo-kinematic relations of this sam-
ple are also shown in Fig. 17 and demonstrate that when a clean
in-situ sample is selected, no reversal is anymore found in any of
the velocity dispersions-[Mg/Fe] relations, thus further probing
that this reversal is entirely generated by accreted stars.
Therefore, we cannot confirm the conclusions reached by
Minchev et al. (2014). In particular, the shift of maxima in the
velocity dispersion–[Mg/Fe] relations to lower [Mg/Fe] with de-
creasing metallicities interpreted by Minchev et al. (2014) as
possibly being the consequence of successive accretions, is in-
deed most probably due to the accretion of a single satellite.
Likewise, the decrease in velocity dispersions found by these
authors at high-[Mg/Fe] ratios, and interpreted as the signature
of radial migration of kinematically colder stars from the inner
to the outer disc, is also absent from our sample.
We conclude by emphasizing that Galactic chemo-kinematic
relations, also in a metallicity regime often associated to the
Galactic disc ([Fe/H] > −1) are affected and reshaped by the
accreted component(s), and that it is thus necessary to make se-
lections as careful as possible to be able to separate the contri-
bution of these accreted stars from that of in-situ populations.
The astrometric and spectroscopic quality of the data now avail-
able, and not achievable only few years ago, can now make these
selections possible.
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Fig. 14. Distribution of the sample stars in the Toomre diagram, for different intervals of [Mg/Fe] abundances, as indicated at the top left of each
panel. [Mg/Fe] bins have been defined as in Fig. 4. The number of stars in each metallicity interval is given in the lower right corner of each panel.
The color of each point indicates its [Fe/H] ratio as given in the color bar shown on the right of the figure.
Fig. 15. Same as in Fig. 14, but for narrower [Mg/Fe] intervals, extend-
ing from [Mg/Fe]=0.15 to 0.35. Colors of each point represent their
[Fe/H] ratios, as in Fig. 14. The number of stars in each [Mg/Fe] bin is
indicated at the lower right of each panel.
4.2. The in-situ population below [Fe/H] = −1 is the Galactic
thick disc
The halo population is, at first sight, an heterogeneous collec-
tion of stars. If the halo is defined as all stars with [Fe/H] < −1,
our analysis shows that our sample, in this metallicity interval,
is made for about 55-60% of accreted material, with weak pro-
grade, null or retrograde rotation, and for the remaining 40-45%
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Fig. 16. Age–[Mg/Fe] distribution for stars in the Adibekyan sample for
which we could determine ages and that have Mv<4.5. The horizontal
grey band corresponds to the Mg abundance where kinematically heated
stars appear. It corresponds to an age range from 9 to 11 Gyr. Three stars
are confirmed to be ‘young’, alpha-rich objects, their name is indicated
in the figure (see text for details).
of in-situ stars, with kinematics similar to that of thick disc stars
in the metallicity range [Fe/H] = [−1.,−0.5]. If the halo is de-
fined on the basis of its kinematics, halo stars are found not only
at [Fe/H] < −1, but also among stars with [Fe/H] > −1: at
[Mg/Fe] typical of the thick disc, we find the in-situ heated disc
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Fig. 17. (Top panel): Distribution of stars of the in-situ sample (blue
points) in the [Fe/H]–[Mg/Fe] plane. Colored lines correspond to iso-
density contours, in logarithmic scale, as indicated in the color bar on
the right-hand side of the panel. For comparison, all stars of the main
sample studied in this paper, and shown in Fig. 2, are shown by gray
points. (From the second to the bottom panel) Mean azimuthal velocity,
radial, vertical and azimuthal velocity dispersion of stars of the in-situ
sample, as a function of their [Mg/Fe] ratio. In each panel, the relations
are given for bins in [Fe/H], as indicated in the legend in the top-left
panel. The black curves show the corresponding relation, for the total
sample not binned in [Fe/H]. The 1σ uncertainty in each relation (col-
ored shaded regions) is estimated through 1000 bootstrapped realiza-
tions. In all panels, only bins containing more than 10 stars are shown.
In all plots, we have adopted the same y-axis limits, as adopted in Fig. 3,
to facilitate the comparison.
that we will discuss further in the next section, and at [Mg/Fe]
typical of the metal-poor thin disc, we find the most metal-rich
stars of the accreted population.
This complexity – and also ambiguity in the definition –
of the halo population is not new. The existence of metal-poor,
[Fe/H] < −1, stars with thick disc kinematics, usually referred to
as the metal-weak thick disc, has been known for decades (Nor-
ris et al. 1985; Morrison et al. 1990, but see subsequent criticisms
Twarog & Anthony-Twarog 1994, 1996). More recently, there
has been tremendous effort expended to understand this thick
disc population (Chiba & Beers 2000; Beers et al. 2002; Reddy
& Lambert 2008; Brown et al. 2008; Kordopatis et al. 2013;
Hawkins et al. 2015; Li & Zhao 2017; Hayes et al. 2018). Beers
et al. (2002) estimated the fraction of stars in the metal-weak
thick disc to be between 30% and 40% at 1.6 < [Fe/H] < −1 and
suggested that this population could extend to metallicities as
low as [Fe/H] <∼ −2. These estimates are in very good agreement
with ours, since we find the fraction of stars with [Fe/H] < −1
and thick disc kinematics to be 40-45% of the total fraction of
stars at these metallicites and with a contribution that decreases
from 70% at [Fe/H]–[Mg/Fe]=[[-1.5, -1], [0.25, 0.35]] to 30% at
[Fe/H]–[Mg/Fe]=[[-2., -1.5], [0.25, 0.35]] (see Sect. 3.2). Thus,
our results confirm previous findings by Beers and collaborators
that the fraction of metal-poor stars with thick disc kinematics is
significant, and it extends up to the lower limit of our sample, at
[Fe/H] ∼ −2. The recent finding by Sestito et al. (2018) of sev-
eral very low metallicity stars with disc kinematics is a first step
towards extending these estimates to the very metal-poor stars.
Interestingly, the fraction of metal-poor stars with thick disc
kinematics is also in very good agreement with early estimates
by Sommer-Larsen & Zhen (1990), who found a metal-poor halo
consisting of two components. One component is highly flat-
tened, confined in the inner parts of the Galaxy, and contributes
≈40% of the density of metal-poor stars near the Sun. For all
these reasons, we conclude that stars with thick disc kinematics
below and above [Fe/H] = −1 constitute the same population,
commonly referred to as the thick disc, thus strengthening previ-
ous findings of a continuity between the thick disc and its metal-
poor extension (Hawkins et al. 2015; Hayes et al. 2018). Among
the thick disc population, stars with [Fe/H] ≤ −0.3 have been
significantly heated by the accretion of the satellite whose debris
constitute the dominant halo population, at [Fe/H] < −1 and at
few kpc from the Sun.
The second component that we find at [Fe/H] < −1 be-
longs to the accreted population discovered by Nissen & Schus-
ter (2010), and – in the metallicity range explored in this study
– this component appears to be the dominant one, constituting
about 55-60% of the total metal-poor populations at few kpc
from the Sun. Currently, we find no evidence in our study for
a third, non-rotating, in-situ component : the non-rotating inner
halo by Carollo et al. (2007, 2010) is made, in our interpreta-
tion, only of stars belonging to the accreted population and of
the low velocity tail of the thick disc at these metallicities. As al-
ready discussed by Haywood et al. (2018), the stars in the halo at
metallicities below [Fe/H] = −1 are dominated by stars accreted
from the merging galaxy. The only other significant component
that we find at these metallicities is the metal-poor thick disc,
partly heated by the accretion to kinematics typical of halo stars,
and thus at least partially overlapping with the population of ac-
creted stars. The existence of in-situ original non-rotating halo
stars, i.e. the collapsed halo – once accreted stars and metal-poor
thick disc stars heated by the interaction are removed – remains
to be demonstrated.
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4.3. The kinematically defined halo is predominantly made of
in situ, metal-rich, [Fe/H] > −1, disc stars, heated by
mergers
In Jean-Baptiste et al. (2017), we analysed N-body simulations
of the accretion of one or several satellites onto a Milky Way-
type galaxy to investigate the possibility to discriminate the ori-
gin of stars – in-situ or accreted – on the basis of their kine-
matics alone, as suggested by other studies (see, for example
Helmi & de Zeeuw 2000; Gómez et al. 2010). One of the main
conclusions of Jean-Baptiste et al. was that distinguishing ac-
creted and in-situ populations on the basis of kinematics alone
would be virtually impossible without detailed chemical abun-
dances. They reached this conclusions because the populations
have overlapping kinematics. In their simulations, indeed, in so-
lar volumes of few kpc in size, the dominant halo component
– defined as stars with hot kinematics – was found to be made
of in-situ material (see also Font et al. 2011; McCarthy et al.
2012). Figs. 14–17 already indicate that an in-situ halo, made
of stars with metallicities typical of the Galactic thick disc with
[Fe/H] > −1 are present in the data. That stars with halo kine-
matics and [Fe/H] > −1 exist in the Galaxy is not a new finding,
as it has been discussed in a number of previous studies (see, for
example Nissen & Schuster 2010, 2011; Schuster et al. 2012;
Jackson-Jones et al. 2014; Bonaca et al. 2017; Fernández-Alvar
et al. 2018a; Gaia Collaboration et al. 2018a). Here we want to
make a step further, by quantifying how significant this popula-
tion is to the total halo population at few kpc from the Sun.
Fig. 18 (top-left panel) shows the Toomre diagram of all stars
in our sample with halo kinematics, that is of all stars in the sam-
ple with
√
(vΦ − vLS R)2 + vR2 + vZ2 > 180 km s−1. To isolate the
contribution of thick disc stars with [Fe/H] > −1, we have drawn
an oblique line in the [Fe/H]–[Mg/Fe] plane that intercepts the
thick disc at [Fe/H] = −1 and [Mg/Fe] = 0.3, and which sep-
arate the low-α portion of the accreted sequence from the thin
and thick discs relatively well (middle-left panel). Among stars
with thick disc abundances and [Fe/H] > −1, 830 stars have
halo kinematics. For comparison, the number of stars of the ac-
creted and in-situ sequence on the left of the diagonal line, with
halo kinematics, is 717. Our sample thus indicates that at few
kpc from the Sun, the majority of the kinematically defined halo
is made of stars with [Fe/H] > −1 and [Mg/Fe]-abundances of
the early thick disc, heated by the interaction. This is a very nice
confirmation of the predictions by Jean-Baptiste et al. (2017),
based on the analysis of N-body models, which suggested that
in volumes of few kpc around the Sun, the kinematically-defined
halo should be dominated by in-situ disc stars heated by one or
several merger(s).
These heated disc stars do not only constitute the majority of the
kinematically-defined halo in the region under study, but also
a not negligible fraction of α-abundant stars at [Fe/H] > −1.
Fig. 18 (bottom-left panel) indeed shows the fraction of stars
with halo kinematics, in various regions of the [Fe/H]–[Mg/Fe]
plane. At high [Mg/Fe] and −1 < [Fe/H] < −0.3, thus in a range
typical of the thick disc, the fraction of halo stars can be as high
as 20%. This implies that any selection of thick disc stars made
only on the basis of chemical abundances could lead to a signifi-
cant contamination by stars with significantly hotter kinematics,
on halo-like orbits. Of course the above fractions change if we
change the limiting velocities discriminating disc stars from halo
stars. If, for example, we adopt a kinematic definition for the
halo as all stars with
√
(vΦ − vLS R)2 + vR2 + vZ2 > 220 km s−1,
the fractional contribution of the heated thick disc diminishes,
and conversely the contribution of stars on the left of the diag-
onal line increases (top, middle and bottom-right panels). With
this selection, the fraction of metal-rich thick disc stars with halo
kinematics decreases indeed to 38% of the total sample of kine-
matically selected halo stars. Still, such a selection is not able
to completely eliminate the contamination of these stars to the
canonical thick disc population, and indeed, as shown on the
bottom-right panel of this Figure, the fraction of halo stars in
the region of the [Fe/H]–[Mg/Fe] plane where thick disc stars
with −1 < [Fe/H] < −0.3 are located can be as high as 10%.
The significant contribution of the metal-rich thick disc popula-
tion to the kinematically-defined halo is also shown in Fig. 19,
where the metallicity distribution of kinematically-defined halo
stars is shown, for the two limiting velocities discriminating disc
stars from halo stars, as described above. Even adopting the re-
strictive threshold of
√
(vΦ − vLS R)2 + vR2 + vZ2 > 220 km s−1,
the peak associated to metal-rich thick disc population stands
out clearly. Interestingly, this metallicity distribution is strongly
reminiscent of the distribution of metallicity versus distance
from the plane found by Ibata et al. (2017) and of that found
by Gallart et al. (2019).
These metal-rich, heated disc stars have a velocity ellipsoid
(σR, σΦ, σZ) = (124 ± 3., 72. ± 2., 72. ± 2.) km s−1, when a
threshold of 180 km s−1 is adopted in defining halo stars, and
(σR, σΦ, σZ) = (134 ± 5., 70. ± 3., 81. ± 3.) km s−1, for a thresh-
old of 220 km s−1.
As we have seen in Sect. 2, our sample is still relatively local
and biased against the inner populations of the Galaxy, because
it lacks stars in the fourth quadrant, and because most of its stars
are beyond the solar circle. However, we know from previous
studies that the α-abundant thick disc is massive (Snaith et al.
2014, 2015) and mostly confined in the inner Galactic regions
(Bensby et al. 2011; Bovy et al. 2012; Cheng et al. 2012; Bovy
et al. 2016), i.e. inside the solar circle. Under the hypothesis
that the fraction of stars with halo-like kinematics, but thick disc
abundances, as found here, can be representative of the whole
inner Galaxy, this would imply that the mass of thick disc stars
at [Fe/H] > −1 with halo-like kinematics would be significant,
being between 10%–20% of the total thick disc mass, that is be-
tween 2 − 5 × 109M6. This would make of this component,
by far, the dominant halo component in the inner Galaxy, at
R ≤ 8 − 10 kpc. These estimates must, of course, be taken with
caution, because they are derived by extrapolating local frac-
tions, but however suggest that the in-situ heated disc may be
the dominant halo component not only in the region under study,
but in the inner Galaxy as well.
4.4. Heating versus cooling scenario
So far, we have interpreted our findings as the signature of a ma-
jor heating event in the Galaxy. Here we want to briefly discuss
why we favour this interpretation to the one where the in-situ
population at retrograde or null rotation (i.e. the plume found in
Figs. 12 and 13) is made of stars formed from a cooling gaseous
disc. While the distinction between a heated disc and a cooling
one could be difficult to establish, we believe that some con-
clusions can be derived on the basis of the metallicities of stars
which make up the plume. The plume is visible up to [Fe/H]
as high as -0.3, where the very large majority of stars has al-
ready disc kinematics. If the cooling of the gaseous disc left sig-
natures in the stellar populations, we expect them to be found
at [Fe/H] which pre-date the disc formation, not at metallicities
where the disc is already fully formed. Conversely, in the case
6 For a total stellar mass of the Galaxy of 5 × 1010 M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of a heating scenario, we expect exactly the signature we ob-
serve : a fraction of disc stars - with same chemical abundances
- to have halo- (prograde and retrograde) kinematics. As dis-
cussed in the previous sections, indeed, in this scenario, an initial
(before the merger(s)) same in-situ disc population would end
up (after the merger(s)) having mostly disc-kinematics, while a
fraction of it would be heated up to the halo. The prediction is
thus to have same abundances, but different kinematics, which
is exactly what we see in the data. Moreover, the prediction of a
heating scenario is that part of the heated halo stars should have
kinematic properties overlapping with those of the accreted ret-
rograde material (Jean-Baptiste et al. 2017), which is what we
find: stars with in-situ chemistry and retrograde motions. The
presence of retrograde motions in the plume, in particular, seems
to favor the heating scenario, because in a cooling disc, while an
increase of the angular momentum with time is expected, it is
difficult to explain how to maintain part of a cooling gaseous
disc in counter-rotation, because of its dissipative nature.
4.5. The epoch of the last significant accretion and the
question of an in-situ stellar halo
The epoch of accretion that we measure is in agreement with
what has been inferred in various studies (Belokurov et al. 2018;
Mackereth et al. 2018; Helmi et al. 2018; Gallart et al. 2019). It is
also consistent with the epoch of last significant merging experi-
enced by the Galaxy, derived by Kruijssen et al. (2019) based on
the analysis of the globular cluster population. The difference,
however, is that we find the fossil record left by the accretion
in the kinematic properties of the disc at [Fe/H] ≤ −0.3 and
[Mg/Fe] ≥ 0.2, corresponding to 9-11 Gyr ago. This is in par-
ticular in agreement with the inference made by Belokurov et al.
(2018) that the accretion must have occurred at a time when the
disc was already substantially massive, in order to produce the
velocity anisotropy that is observed. This is also in agreement
with the results found by Mackereth et al. (2018), who show,
analysing the Eagle simulations, that material on high eccentric-
ities cannot have been accreted too early. Hence, an accretion
occurring 9 to 11 Gyr ago falls at the right time, that is when the
formation of thick disc was ongoing or approaching near com-
pletion, reaching a stellar mass between 1 and 2.1010M (see
Snaith et al. 2015). It also corresponds to a time when the star
formation in the Galaxy has been particularly intense (see Snaith
et al. 2014; Lehnert et al. 2014).
As anticipated in Haywood et al. (2018), the accretion event has
been responsible for heating the disc and even pushing a fraction
of the thick disc stars on counter-rotating orbits and orbits on
higher eccentricities, populating the kinematically defined halo.
With the results presented here, the question of the existence of
an in-situ halo, other than the heated early disc, as raised already
in Haywood et al. (2018), is even more acute.
Even on larger scales, the evidence of an in-situ halo other
than the heated early Milky Way disc is becoming weaker by the
day. For instance, the recent work by Iorio & Belokurov (2019)
shows that the distribution of RR Lyrae over the entire Galaxy
– after being cleaned of known structures – has kinematic prop-
erties suggesting a strong anisotropy compatible with accreted
material – the so-called “Gaia Sausage”, in their study. On the
large scale, the Gaia Sausage stars would be distributed in a tri-
axial structure whose major axis would be aligned at 70◦ with the
Sun-Galactic centre direction. According to Simion et al. (2019),
the Hercules-Aquila cloud and the Virgo Over-Density, possibly
aligned with major axis of the Gaia Sausage, could be part of the
same accretion event. Iorio & Belokurov (2019) conclude from
their analysis that the bulk of the triaxial structure made by RR
Lyrae stars must have been left by this accretion event.
An entirely new and unexpected result also support the view
that a spherical isotropic in-situ halo is a very small component
of the Milky Way (much less massive than the ∼ 1% of stars that
was up to now viewed as the contribution of the Galactic halo).
The discovery of stars with disc orbits at very low metallicities
([Fe/H] < −4, see Sestito et al. (2018)) suggests that the dissipa-
tive collapse that led to the formation of the thick disc probably
was extremely rapid (within 108 years?), leaving very few time
to build a spherical, in-situ halo. This argument, which is rem-
iniscent of the rapid collapse advocated by Eggen et al. (1962),
suggests that the Galaxy may have started to form stars in a disc
configuration very soon after the Big-Bang, leaving only a very
short amount of time to form stars in a more spheroidal configu-
ration.
5. Conclusions
By coupling astrometric data from Gaia DR2, with elemental
abundances from APOGEE DR14, we continue our study on the
nature of the Galactic halo at few kpc from the Sun, started in
Haywood et al. (2018). Here, in particular, we characterize the
kinematics and chemistry of in-situ and accreted populations in
the Galaxy up to [Fe/H]∼ −2. Our results can be summarized as
follows.
– In the [Fe/H]–[Mg/Fe] plane, the chemical sequence of ac-
creted stars – firstly identified by Nissen & Schuster (2010),
and later shown by Haywood et al. (2018) to be the dominant
component among stars with [Fe/H] < −1 – remarkably ap-
pears as a distinct sequence in terms of its kinematics, being
characterized by a mean null or retrograde motion and sig-
nificantly higher velocity dispersions than those of disc stars
and halo stars with higher [Mg/Fe] ratios, but same metallic-
ities.
– Accreted stars appear to significantly impact the Galactic
chemo-kinematic relations, not only at [Fe/H]≤ −1, but also
at metallicities typical of the thick and metal-poor thin discs.
In this context, we can revisit the finding of Minchev et al.
(2014) (see also Guiglion et al. 2015) and conclude that:
(1) the inversion they found in velocity dispersions–[Mg/Fe]
relations at [Fe/H] < −0.4 – where stars with the lowest
[Mg/Fe] ratios have also the highest velocity dispersions –
is exclusively driven by the accreted population, and not by
in-situ disc stars heated by the accretion. In-situ disc stars
heated by the interaction are indeed characterized by high
[Mg/Fe] ratios, and not low [Mg/Fe], as expected in their
scenario; (2) there is no sign of a drop in the velocity disper-
sion of stars at the high [Mg/Fe] end, indicative, in Minchev
et al. (2014) interpretation, of a significant radial migration
from the inner to the outer disc.
– We show that stars with thick disc kinematics are present up
to the low [Fe/H] end of our sample ([Fe/H] ∼ −2) , and
that they constitute about 40% of all stars with [Fe/H] < −1.
This estimate is in excellent agreement with the findings of
Beers et al. (2002). The remaining 60% is made of accreted
stars, which thus – confirming the finding in Haywood et al.
(2018) – represent the majority of stars at these metallicities.
– While stars at [Fe/H] < −1 are a mix of accreted and thick
disc stars, when the halo is defined on the basis of the kine-
matics of its stars, the majority is made, at few kpc from the
Sun, of metal-rich (i.e. [Fe/H] > −1) stars heated by the in-
teraction. These stars have the same chemical composition
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of the thick disc, but hotter kinematics. Their existence in
large proportions in the inner Galaxy has been predicted by a
number of N-body models (Zolotov et al. 2010; Purcell et al.
2010; Font et al. 2011; Qu et al. 2011a; McCarthy et al. 2012;
Jean-Baptiste et al. 2017) and here we show that they consti-
tute indeed a significant kinematically ‘hot’ component in
the volume under study.
– Based on these findings, we tentatively estimate this early
disc component heated by the interaction to have a total stel-
lar mass of about 2−5×109M in the inner Galaxy, i.e. inside
R = 8 − 10 kpc. If these estimates will find confirmations in
future studies, this would make, of this component, by far the
dominant halo component of the inner Galaxy.
– By constraining the metallicity and [Mg/Fe] ratio of these
disc stars heated to halo kinematics, we can date the major
accretion event now reported in a number of studies (Nissen
& Schuster 2010, 2011; Schuster et al. 2012; Ramírez et al.
2012; Hawkins et al. 2015; Hayes et al. 2018; Belokurov
et al. 2018; Haywood et al. 2018; Iorio & Belokurov 2019;
Helmi et al. 2018; Mackereth et al. 2018; Gallart et al. 2019)
to have occurred between 9 and 11 Gyr ago. To our knowl-
edge, this is the first time this accretion is dated on the basis
of the kinematic imprints it left on disc stars present in the
Galaxy at the time it occurred.
The picture that emerges from our study, and that confirms
the earliest conclusions in Haywood et al. (2018), is that an in-
situ halo, other than the heated thick disc, possibly does not exist
in our Galaxy, or it represents much less than some few per-
cent of stars, as usually reported in the literature. The only in-
situ population that we find in great proportions both among the
kinematically defined, and the chemically defined, halo stars is
the thick disc, that is the early disc of the Galaxy heated to hot
kinematics. This population constitutes indeed a significant or
dominant contributor to the inner halo, and cannot be neglected
in all discussions about its origins. As for a distinctive in-situ
halo population, if it exists, is further beyond our reach.
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Fig. 18. First row: Toomre diagram of all stars in our sample with halo-like kinematics. The distributions in the right and left panels differ for the
threshold adopted in defining halo stars, as reported in the middle row. Red points indicate metal-rich thick disc stars, blue points indicate accreted
and metal-poor thick disc stars (see middle row and text for their definition). Colored lines correspond to isodensity contours for the whole sample
analyzed in this paper. Middle row: Distribution, in the [Fe/H]–[Mg/Fe] plane, of stars of the sample with halo-like kinematics. The diagonal line
separates the metal-rich thick disc sequence, in red on the right, from the accreted and metal-poor thick disc, in blue on the left. The distributions
in the right and left panels differ for the threshold adopted in defining halo stars, as reported in the plots. The number of stars on the left and right
of the diagonal lines are given in both panels, in blue and red respectively. Colored lines correspond to isodensity contours, as defined in Fig. 2.
Bottom row: Fraction of stars with halo-like kinematics, in the [Fe/H]–[Mg/Fe] plane, for the two different definitions of the halo, adopted for the
left panels. In both plots, the fraction is normalized to the total number of stars in a given pixel.
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Fig. 19. Metallicity distribution of stars in the sample with halo-like
kinematics (black curve). The contribution of metal-rich thick disc stars,
and of accreted and metal-poor thick disc stars to the total distribution is
shown, respectively, by the red and blue curves. Two different limiting
velocities for discriminating halo stars is adopted in the top and bottom
panels, as reported in the legends.
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Fig. A.1. Distribution of the velocity uncertainties on vΦ (top panel), vr
(middle panel) and vz (bottom panel), due to the propagation of the in-
dividual errors on the observables. In each panel, the dottted, solid and
dashed lines indicate, respectively, the 25th, 50th (median) and 75th per-
centile of the distribution. All uncertainties are given in units of km/s.
Appendix A: Velocity uncertainties
In this section, we, first, discuss the uncertainties in the veloci-
ties of stars in the sample, due to the propagation of the individ-
ual uncertainties in the observables (parallaxes, proper motions,
and radial velocities). Then, we discuss how these uncertainties
impact the velocities (and velocity dispersions)-abundances re-
lation presented in Sect. 3.1. We anticipate the conclusions of
this section, by confirming that the statistical uncertainties esti-
mated by the bootstrapping technique adopted in Sect. 3.1 are
always the dominant source of uncertainty, when uncertainties
are significant.
To estimate the uncertainties on the azimuthal, radial and
vertical velocities vΦ, vR, vz, of each star, due to the propagation
of the individual uncertainties on its parallax, proper motion and
radial velocity, we have assumed gaussian distributions of these
errors, and generated 100 random realizations of these parame-
ters per source. For each realization, we then make a transforma-
tion from the space of observables (α, δ, pi, µα∗, µδ) to the Galac-
tocentric rest-frame (see Johnson & Soderblom 1987; Kepley
et al. 2007), and calculate the corresponding values of vΦ, vR, vz.
The resulting uncertainties on vΦ, vR, vz are then finally estimated
as the standard deviations of their values, over the 100 realiza-
tions. Their distributions are shown in Fig. A.1, and probe that
for most of the stars uncertainties are low: the 75th percentile
of the distribution is indeed equal to 3.56 km/s, 2.87 km/s and
2.22 km/s, for vΦ, vR and vz, respectively, whereas the corre-
sponding medians are 1.70 km/s, 1.42 km/s and 1.20 km/s.
Uncertainties on vΦ, vR, vz increase with the distance of stars
in the sample from the Sun, as expected (see Fig. A.2, first col-
umn). Stars with halo kinematics (vΦ ∼ 0 km/s, high vR and
vz) have also, on average, larger uncertainties than stars with
disc-like kinematics (see Fig. A.2, second column), and this
finding can be explained because the fraction of halo stars in-
creases with the distance from the Sun. Despite the larger uncer-
tainties, the typical (median) uncertainty of stars with null vΦ,
|vr | ≥ 150 km/s and |vr | ≥ 100 km/s is equal or below 15 km/s.
Finally, because stars with halo-like kinematics have, on av-
erage, larger velocity uncertainties than stars with disc-like kine-
matics, a trend exists between the vΦ, vR and vz uncertainties
and chemical abundances, with the uncertainties decreasing with
[Fe/H] and increasing with [Mg/Fe] (see Fig. A.2, third and
fourth columns).
The uncertainties on the velocity dispersions-abundance re-
lations discussed in Sect. 3.1 have been estimated by mak-
ing use of the 100 random realizations described before. For
each realization, we have computed the corresponding velocity
dispersion-abundance relations (see Fig. A.3, middle and bot-
tom plots, top panels), and estimated the corresponding stan-
dard deviations (see Fig. A.3, middle and bottom plots, bottom
panels). As shown in this Figure, the uncertainties on the ve-
locity dispersion-abundance relations are always very small, and
most of time below 5 km/s (for the velocity dispersions–[Fe/H]
relation), and below 1.5 km/s (for the velocity dispersions–
[Mg/Fe] relation). For completeness, and for comparison with
Fig. A.2, we also show in Fig. A.3 the dependency of the un-
certainties in the velocity dispersions on the distance D from the
Sun. The comparison of the uncertainties on the velocity disper-
sions, as due to the propagation of individual errors on observ-
able and the uncertainties calculated by bootstrapping technique
(see Sect. 3.1) is shown in Fig. A.4 and demonstrate that the
statistical uncertainties calculated by bootstrapping are always
larger (or equal) than those due to the individual errors. In par-
ticular, when uncertainties in the sample are significant (above
2-3 km/s), those calculated with the bootstrapping technique are
always the dominant. As a consequence, the errors reported in
Figs. 3, and 4, and estimated by bootstrapping the sample, con-
stitute the dominant uncertainty among stars in our sample.
Appendix B: Number of stars in the mean
chemo-kinematic relations
In Fig. B.1, we present the number distribution of stars, as
a function of their [Mg/Fe](/[Fe/H]) ratio, for different [Fe/H]
and [Mg/Fe] intervals. The adopted values for the [Fe/H] and
[Mg/Fe] intervals are the same already used in Sect. 3.1 and
Figs. 3, 4 and 5, that is 10 metallicity intervals, ranging
from [Fe/H]=-2.1 up to [Fe/H]=0.25 (see Fig. B.1, top panel),
and 6 [Mg/Fe] intervals, ranging from [Mg/Fe]=-0.1 up to
[Mg/Fe]=0.4 (see Fig. B.1, bottom panel). The width of the in-
tervals is the same as adopted in Sect. 3.1. We point out that
in Fig. B.1, in both panels, we have used a number of bins
along the x-axis greater than those used in Figs. 3, 4 and 5 to
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Fig. A.2. First column: Uncertainties in the vΦ (first row), vR (second row) and vz (third row) of stars as a function of their distance D from the
Sun. Distances are given in kpc. Second column: Uncertainties in the vΦ (first row), vR (second row) and vz (third row) of stars as a function of the
corresponding velocity (given in km/s). Third column: Uncertainties in the vΦ (first row), vR (second row) and vz (third row) of stars as a function
of [Fe/H]. Fourth column: Uncertainties in the vΦ (first row), vR (second row) and vz (third row) of stars as a function of [Mg/Fe]. In all panels:
the individual uncertainties are shown by gray points; their density distributions, in logarithmic scale, are indicated by colored contours, whose
corresponding values are reported in the error bars; the dotted, solid and dashed black lines show, respectively, the 25th, 50th (median) and 75th
percentile of the distribution of uncertainties, as a function of the value reported on the x-axis. All velocity uncertainties are given in units of km/s.
make clear where the dip in the [Mg/Fe]-[Fe/H] sequence is
and how it changes with [Mg/Fe] for different [Fe/H] intervals
(see, for example, in the top panel, the values corresponding to
[Mg/Fe]=[0.24, 0.27, 0.21, 0.18, 0.18, 0.18, 0.12] for [Fe/H]=[-
1.5, -1.25, -1.0, -0.75, -0.5, -0.25, 0.0]).
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Fig. A.3. Top figure: Velocity dispersion (top panel) and velocity dis-
persion uncertainty (bottom panel) as a function the distance D from the
Sun. Blue, red and green curves correspond to the velocity dispersions
in the aziumthal, radial and vertical direction, as indicated in the leg-
end. In the bottom panel, the solid lines indicate the mean relation, and
the color shaded areas indicate the 1σ uncertainty, estimated through
100 random realizations, from the uncertainties on the observables (see
text). These uncertainties are then reported in the bottom panel. Mid-
dle and bottom figures: As for the top, but now the velocity dispersions
and corresponding uncertainties are shown as a function of [Fe/H] and
[Mg/Fe], respectively. In all plots, velocities are in units of km/s.
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Fig. A.4.Comparison between the uncertainties on velocity dispersions,
due to the propagation of the uncertainties on the individual observables
(solid lines, see Appendix A for details) and those estimated by boot-
strapping technique (dashed lines, see Sect. 3.1 for details). The uncer-
tainties are shown as a function of [Fe/H] (top panel) and as a function
of [Mg/Fe] (bottotm panel).
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Fig. B.1. Top panel: Number of stars, as a function of their [Mg/Fe]
ratio. Relations are given for bins in [Fe/H], as indicated in the legend.
Bottom panel: Number of stars, as a function of their [Fe/H] ratio. Re-
lations are given for bins in [Mg/Fe], as indicated in the legend.
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